Hydrogen peroxide (H~2~O~2~) has found many applications in modern industry including acting as a strong oxidizer, a bleaching agent, disinfectant, and the propellant in rocketry[@b1][@b2] etc. due to the specific property of its oxygen-oxygen single bond. At present, the industrial production of H~2~O~2~ is dominated by the anthraquinone process which needs multistep processes and consumes much energy[@b3]. Therefore, a direct synthesis of H~2~O~2~ is required to avoid the disadvantages of anthraquinone process. Obviously, H~2~O~2~ synthesis directly from its constituent elements, i.e., H~2~ and O~2~, is a simple idea[@b4][@b5][@b6], but the mixture of H~2~ and O~2~ is explosive. Some alternative direct methods do not use H~2~ and O~2~ which avoid the explosive problem and enable the *in-situ* continuous synthesis of H~2~O~2~, such as electrochemical synthesis from O~2~ and water[@b7][@b8][@b9][@b10][@b11], photocatalytic TiO~2~ in aqueous solutions[@b12][@b13][@b14][@b15], and even sunlight-driven production from water and O~2~ although the production rate is relatively low (0.625 μmol/h)[@b16].

It has been proven that H~2~O~2~ can be formed by the reaction of H~2~ + O~2~ → H~2~O~2~ in plasma containing H~2~ and O~2~ gases[@b17][@b18][@b19]. When plasma is in contact with water, the plasma-water interactions can entail many direct reactions at the plasma-water interface and indirect cascade reactions in the bulk water[@b20][@b21][@b22][@b23][@b24][@b25]. One important species at the plasma-water interface is hydroxyl radical (OH) produced by plasma-induced water reactions with electrons and ions. The exact OH formation pathways by plasma-water interactions are very complicated, and one can refer to a review paper[@b26] for details. As the building blocks, the generated OH radicals combination contributes to the main process of H~2~O~2~ formation in plasma-water interactions. In addition, other less probable pathways such as OH + H~2~O^\*^ → H~2~O~2~ + H[@b27][@b28] are also possible. In fact, there exist many reports on the H~2~O~2~ formation by discharge plasma operated over and inside aqueous solutions[@b27][@b28][@b29][@b30][@b31][@b32][@b33][@b34][@b35]. However, the determining factors which influence the H~2~O~2~ production from the plasma-water interactions remain unclear. To optimize the H~2~O~2~ production from plasma-water interactions, a better understanding of the H~2~O~2~ production process is desired. Herein, we present an insight into the understanding of H~2~O~2~ production by the plasma-water interactions. The results indicate that the sputtering, the electric field induced ion emission, and the evaporation at the water surface strongly influences the H~2~O~2~ production.

Results
=======

Experimental approach and the H~2~O~2~ production
-------------------------------------------------

H~2~O~2~ was produced by the device schematically shown in [Fig. 1](#f1){ref-type="fig"} \[see [Supplementary Information (SI)](#S1){ref-type="supplementary-material"} for details\]. A direct current Ar atmospheric pressure plasma was generated between a tungsten steel tube (1.02 mm and 6.35 mm in inner and outside diameters, respectively) and a liquid surface. The liquid acts as cathode or anode (positive or negative voltage applied to the tungsten steel electrode), and NaCl was used to adjust the initial conductivity of the liquid. The Ar flow rate, the discharge current, and the gap between the tungsten steel tube and the liquid surface were set to be 20 sccm, 30 mA, and 3 mm, respectively. To refresh the surface liquid, the total 400 ml liquid was circuited by a peristaltic pump at a flow rate of 200 ml/min. During the plasma-solution interactions, the H~2~O~2~ yield was measured at a given interval of 10 min, and the temperature, pH value, and the conductivity of the solution were also investigated.

[Figure 2](#f2){ref-type="fig"} presents the H~2~O~2~ yields at different experimental condit ions. For liquids with low initial conductivities (1.60 μS cm^−1^ and 1440 μS cm^−1^), the H~2~O~2~ production rate (the slope of the yield curve) decreases with increasing time, while they are constants for the liquids with high initial conductivities (4800 μS cm^−1^ and 10500 μS cm^−1^) \[[Fig. 1(a)](#f1){ref-type="fig"}\]. Even with an initial conductivity of 4800 μS cm^−1^, the H~2~O~2~ yield for NaOH solution is almost zero after 60 min plasma treatment \[[Fig. 1(b)](#f1){ref-type="fig"}\]. As the discharge current increases, the H~2~O~2~ production rate is enhanced \[[Fig. 1(c)](#f1){ref-type="fig"}\]. When the liquid acts as anode (negative voltage applied to the tungsten steel electrode), there is almost no H~2~O~2~ production \[[Fig. 1(d)](#f1){ref-type="fig"}\]. These results guide us to a question: What is the underlying mechanism for these differences? To answer this question, we must carefully analyse the processes taking place at the plasma-liquid interfaces from which the H~2~O~2~ is formed during the plasma-liquid interactions.

Water molecule transfer processes at the plasma-liquid interface
----------------------------------------------------------------

When the liquid acts as cathode, a cathode voltage fall (*V*~*C*~) will be built between the plasma and the liquid surface due to the space charge accumulation[@b36][@b37][@b38][@b39][@b40]. The *V*~*C*~ will be located at a limited distance called cathode sheath, and for an atmospheric pressure discharge plasma, the thickness of the cathode sheath is smaller than 100 μm when the discharge current is more than 5 mA[@b36]. In our case, the discharge current is 30 mA, it is reasonable to take the sheath thickness as 100 μm. [Table 1](#t1){ref-type="table"} presents the *V*~*C*~ for liquids with different initial conductivities (see [SI](#S1){ref-type="supplementary-material"} for the details of the *V*~*C*~ estimation). The following analysis will demonstrate that this cathode region near the liquid surface is very important to the water molecules transfer at the plasma-liquid interface.

[Figure 3](#f3){ref-type="fig"} depicts three processes contributing to the water transfer from the liquid phase to the gaseous plasma, and the qualitative characteristics of the voltage potential (*V*) and the electric field (*E*) in the plasma-liquid system (ref. [@b41]). Firstly, positive ions in the plasma passing the cathode sheath will be accelerated by the *V*~*C*~, and the constituents of liquid will be sputtered into the gaseous phase by the accelerated energetic ions. This sputtering process has been widely used in low pressure plasma for material fabrication[@b41]. Secondly, the *V*~*C*~ measured in our case is in the magnitude of \~500 V (see [Table 1](#t1){ref-type="table"}) which forms an electric field in the order of 100 kV cm^−1^ near the liquid surface (see latter analysis for the electric field estimation). This electric field is high enough to pull out the hydrated negative ions (carrying water molecules) from the liquid surface and transfer them to the gaseous plasma[@b36][@b42][@b43][@b44], which is similar to the field emission at a solid surface. Thirdly, there is evaporation at the liquid surface caused by plasma and Joule heating. Obviously, all these three processes can transfer water molecules from the liquid phase into the gaseous plasma, and then the number of water molecules entering the plasma phase is influenced by the above three processes. Water molecules in the gaseous plasma can react with plasma species to form OH, and then H~2~O~2~ is formed by the combination of OH. Finally, H~2~O~2~ dissolves into the liquid to form an aqueous solution. Therefore, H~2~O~2~ production will increase with the number of water molecules entering the plasma phase which is strongly dependent on the above mentioned processes.

The number density of water molecules (*n*) entering the plasma phase can be expressed as

where

*n*~*Spu*~: the number density of water molecules entering the plasma phase due to the sputtering, *n*~*Spu*~ is related to the cathode voltage fall (*V*~*C*~), discharge current (*I*~*d*~), liquid surface tension etc. and it can be described as *n*~*Spu*~ = *k*~*spu*~*I*~*d*~(*E*~*i*~)^1/2^[@b41], *k*~*spu*~ is the sputtering coeffieient, and *E*~*i*~ is the energy of incident ion. The positive ion in the plasma obtains its energy by passing the plasma cathode sheath, and therefore the obtained energy is proportional to the *V*~*c*~. Thus, *n*~*Spu*~ can be expressed as *n*~*Spu*~ = *k*~*spu*~*I*~*d*~(*V*~*C*~)^1/2^.

*n*~*Ele*~: the number density of water molecules entering the plasma phase due to the electric field induced hydrated ion emission, and *n*~*Ele*~ is an increasing function of the ion concentration in the liquid phase (*C*~*Ion*~) and the electric field near the liquid surface (*E*~*C*~) but depends on these parameters in a complicated way[@b44]. We can express it as *n*~*Ele*~ = *f(V*~*C*~, *C*~*Ion*~). In addition, the electric field near the liquid surface (*E*~*C*~) can be estimated as follows. In the cathode sheath, *E* = *E*~*C*~(1 − *z/d*~*C*~), and *V* = *V*~*C*~(*z/d*~*C*~)(2 − *z/d*~*C*~), where *E* is the electric field in the cathode sheath, *z* is the distance away from the liquid surface, *d*~*C*~ is the thickness of cathode sheath, *V* is the voltage potential in the cathode sheath, and *V*~*C*~ is the voltage potential near the liquid surface[@b41]. If we integrate *E* to get *V*, we can find that *E*~*C*~ = *2V*~*C*~*/d*~*C*~. From the results and analysis in the main paper, we know that the *V*~*C*~ in liquid cathode is in the magnitude of \~500 V, and *d*~*C*~ is taken as 100 μm, and then *E*~*C*~ is estimated to be in the order of 100 kV cm^−1^.

*n*~*Eva*~: the number density of water molecules entering the plasma phase due to evaporation. Based on the thermodynamics law, *n*~*Eva*~ can be expressed as *n*~*Eva*~ = *n*~*0*~ *exp*(*−W/kT*), where *n*~*0*~ is the number density of water molecules in the liquid phase, *W* is the heat of evaporization, *k* is the Boltzmann constant and *T* is the liquid temperature.

Therefore, *n* can be expressed as

Besides depending on *I*~*d*~ for *n*~*Spu*~, and on *C*~*Ion*~ for *n*~*Eva*~, both *n*~*Spu*~ and *n*~*Ele*~ depend on the cathode voltage fall (*V*~*C*~), and *n*~*Eva*~ depends on the solution temperature.

H~2~O~2~ energy yields
----------------------

Based on the discharge voltages shown in [Fig. S2](#S1){ref-type="supplementary-material"}, we estimated the average power consumed in the plasma-liquid interactions, and then the H~2~O~2~ generation energy yields were calculated for liquids with different initial conductivities and the results are summarized in [Table 2](#t2){ref-type="table"}. The H~2~O~2~ energy yields are larger than most of the H~2~O~2~ energy yields generated from discharge plasmas which have been summarized in ref. [@b28]. The maximum energy yield appears for liquid with an initial conductivity of 10500 μS cm^−1^, although the liquid with an initial conductivity of 1.6 μS cm^−1^ produces the largest generation rate. The energy yield can be expressed as

where *Energy*~*Liq*~ and *Energy*~*Pla-Liq*~ are energy consumed in the liquid (mostly taking a form of heating the liquid cylinder) and energy consumed in the plasma-liquid interactions, respectively, and only the latter contributes to the H~2~O~2~ production. Therefore, *Energy*~*Liq*~ can affect the energy yield of the H~2~O~2~ formation. The largest generation rate for the liquid with an initial conductivity of 1.6 μS cm^−1^ can be attributed to the high resistance of the liquid cylinder between the plasma and the graphite electrode. The Joule heating consumes a large portion of the supplied power in the liquid with the initial conductivity of 1.6 μS cm^−1^, but in this case, a larger cathode voltage fall is close to the liquid surface as shown in [Table 1](#t1){ref-type="table"}, and therefore, it produces a large H~2~O~2~ generation rate with a lower energy yield if compared with the case using liquid with the initial conductivity of 10500 μS cm^−1^. In the plasma-induced H~2~O~2~ generation, to select the liquid with a high or low initial conductivity is dependent on one's aim: to obtain high energy yield or high generation rate.

Discussion
==========

Based on the expression of *n*, the water moleclues transfer from the liquid phase to the gaseous plasma is largely determined by the sputtering and the electric field induced hydrated ion emission in the case of liquid cathode since the evaporation for all cases are estimated to be similar \[[Fig. S6(a)](#S1){ref-type="supplementary-material"}\]. The results in [Table 1](#t1){ref-type="table"} indicate that the *V*~*C*~ decreases with increasing time for liquids with initial conductivities of 1.60 μS cm^−1^ and 1440 μS cm^−1^, while it almost keeps constant for liquids with initial conductivities of 4800 μS cm^−1^ and 10500 μS cm^−1^. Therefore, from the expression of *n* and the data in [Table. 1](#t1){ref-type="table"}, one can deduce that *n* for liquids with initial conductivities of 1.60 μS cm^−1^ and 1440 μS cm^−1^ will decrease with increasing time, while it is almost constant for the liquids with initial conductivities of 4800 μS cm^−1^ and 10500 μS cm^−1^. Therefore, the H~2~O~2~ production rate decreases as time increases for liquids with low initial conductivity, while it is almost constant for liquids with high initial conductivity. Because the evaporation for all cases are estimated to be similar \[see [Fig. S6(a)](#S1){ref-type="supplementary-material"}\], *n* is determined by *I*~*d*~*, V*~*C*~*, and C*~*Ion*~. For the case with a constant *I*~*d*~, *n* is related to *V*~*C*~ *and C*~*Ion*~. Although *C*~*Ion*~ is low in case of the liquid with low conductivity (1.6 μS cm^−1^), *n* can be still large since the high *V*~*C*~ (see [Table 1](#t1){ref-type="table"}) in this case. Therefore, there is a high H~2~O~2~ production rate for the liquid with a low conductivity (1.6 μS cm^−1^). In addition, the estimated *V*~*C*~ are almost the same for discharge currents of 30 mA, 40 mA and 50 mA (\~500 V, not shown). When the discharge current increases, the ion flux (related to *I*~*d*~) near the liquid surface is enhanced and thus water transfer from the liquid phase to the gaseous plasma is increased. Consequently, the H~2~O~2~ yield increases with increasing discharge current as shown in [Fig. 2(c)](#f2){ref-type="fig"}. The estimated *V*~*C*~ for NaOH solution with an initial conductivity of 4800 μS cm^−1^ is \~30 V higher than that for the NaCl solution with the same conductivity. Based on the above anlysis, one must expect that the NaOH solution should produce more H~2~O~2~. However, the H~2~O~2~ yield for NaOH solution is almost zero as shown in [Fig. 2(b)](#f2){ref-type="fig"}. The reason might be as follows. H~2~O~2~ is a weak acid and it can react with OH^−^ to form HO~2~^−^ in concentrated NaOH solution (H~2~O~2~ + OH^−^ → HO~2~^−^ + H~2~O)[@b45][@b46][@b47]. Therefore, the produced H~2~O~2~ was consumed by reacting with NaOH, resulting in a very low H~2~O~2~ yield.

When liquid acts as anode, the cathode voltage fall is formed on the tungsten steel electrode, and therefore there is no sputtering and electric field induced ion emission at the liquid surface, and evaporation is the only way to transfer water molecules from liquid phase into the gasesous plasma. Compared with the case of liquid cathode, *n* is insignificantly small in the case of liquid anode, resulting in a low H~2~O~2~ yield as shown in [Fig. 2 (b)](#f2){ref-type="fig"}. Comprison of OH opitical emission intensity in cases of liquid cathode and anode also confirms this conclusion ([Fig. S9](#S1){ref-type="supplementary-material"}).

In summary, using water as the only consumed material, H~2~O~2~ is directly synthesized by plasma-water interations and the H~2~O~2~ production rate can reach 1200 μmol/h when the liquid cathode is purified water or NaCl solution with an initial conductivity of 10500 μS cm^−1^. The H~2~O~2~ production rate strongly depends on the plasma-liquid interactions at the liquid surface: sputtering, high electric field induced hydrated ion emission, and evaporation. Liquid cathode performs much better than liquid anode in producing H~2~O~2~ by plasma-water interations. In addition, the synthesized H~2~O~2~ can be consumed if the liquid contains some constituent able to react with H~2~O~2~ such as NaOH.

Methods
=======

Measurement of the H~2~O~2~ yield
---------------------------------

Because H~2~O~2~ can react with titanium sulfate. in strong acid to form H~2~TiO~4~ (Ti^4+^ + H~2~O~2~ + 2H~2~O → H~2~TiO~4~ + 4 H^+^) and the absorption intensity of the yellow-coloured H~2~TiO~4~ in 410 nm is proportional to the reacted H~2~O~2~ concentration[@b15][@b48][@b49][@b50]. We can use it to determine the synthesized H~2~O~2~ concentration. 7.5 ml \[Ti(SO~4~)~2~,120 g/l) was added to 250 ml H~2~SO~4~ (1.5 M) to obtain the test solution of titanium sulfate. We used H~2~O~2~ with standard concentrations to obtain the proportionality between the absorption intensity of H~2~O~2~ at 410 nm, and the results are presented in [Fig. S8(a)](#S1){ref-type="supplementary-material"}. Once the proportionality is obtained, the H~2~O~2~ yield is estimated by the following equation:

where *k* is the proportionality obtained by linearly fitting [Fig. S8(b)](#S1){ref-type="supplementary-material"}, *I* is the absorption intensity of synthesized H~2~O~2~ at 410 nm, and *V* is the solution volume (in our case, 400 ml).

Measurement of the pH value, conductivity, and temperature of the liquid
------------------------------------------------------------------------

The pH value and temperature of the solution were measured by a pH detector with a temperature sensor (Yesmylab SX620), and the solution conductivity was measured by a conductivity detector (Yesmylab SX650).

Electrical characterization of the discharge plasma
---------------------------------------------------

The voltage between the tungsten steel and the graphite electrodes was measured by a high voltage (H.V.) probe (Tektronix P6015A) and the current was achieved from dividing the voltage across a 10-Ω resistor which was in series connected with the graphite electrode.
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![Schematic diagram of the device for the H~2~O~2~ production.](srep38454-f1){#f1}

![H~2~O~2~ yields at different experimental conditions.\
Plasma-liquid interactions were performed with liquids of **(a)** initial conductivities of 1.60, 1440, 4800 and 10500 μS cm^−1^, **(b)** NaCl and NaOH with the same initial conductivity of 4800 μS cm^−1^, **(c)** NaCl with the initial conductivity of 4800 μS cm^−1^ at discharge currents of 30 mA, 40 mA and 50 mA, and **(d)** NaCl with an initial conductivity of 4800 μS cm^−1^ (The liquid acts as cathode or anode).](srep38454-f2){#f2}

![Characteristics of the plasma-liquid interface.\
**(a)** Three main processes occurring at the plasma-liquid interface as the liquid is cathode, and **(b)** the qualitative characteristics of the voltage potential (*V*) and electric field (*E*) in the plasma-liquid system (ref. [@b41]). *z* is the coordinate along the plasma-liquid direction and at the liquid surface *z* = 0, *V*~*C*~ is the cathode voltage fall, *d*~*C*~ is the thickness of the cathode sheath, and *E*~*C*~ is the electric field at the liquid surface.](srep38454-f3){#f3}

###### Cathode voltage falls (*V* ~*C*~) for liquids with different initial conductivities. NaCl was used to adjust the solution conductivity.

  Time (min)    *V*~*C*~ (*V*)              
  ------------ ---------------- ----- ----- -----
  0               N/A^\[a\]^     581   504   512
  20                 663         559   494   505
  40                 590         544   507   510
  60                 558         526   493   506

\[a\] Data are unavailable because the discharge is unstable in the very beginning for the liquid with an initial conductivity of 1.60 μS cm^−1^.

###### Consumed power, energy yield and the generation rate of hydrogen peroxide generation for liquids with different initial conductivities.

  Initial conductivities (μS cm^−1^)    Power (10^−3^ kW)   Energy Yield (mg kWh^−1^)   Generation Rate (mg h^−1^)
  ------------------------------------ ------------------- --------------------------- ----------------------------
  1.60                                        38.1                    1089                        41.48
  1440                                        24.5                     866                        21.22
  4800                                        23.1                    1354                        31.28
  10500                                       22.8                    1741                        39.78

NaCl was used to adjust the solution conductivity.
